We present a comprehensive model of plasma dynamics that enables a detailed understanding of the ways the air plasma induced in the atmosphere in the wake of a laser-induced filament can be controlled by an additional laser pulse. Our model self-consistently integrates plasma-kinetic, NavierÀStokes, electron heat conduction, and electronÀvibration energy transfer equations, serving to reveal laserÀplasma interaction regimes where the plasma lifetime can be substantially increased through an efficient control over plasma temperature, as well as suppression of attachment and recombination processes. The model is used to quantify the limitations on the length of uniform laser-filament heating due to the self-defocusing of laser radiation by the radial profile of electron density. The envisaged applications include sustaining plasma guides for longdistance transmission of microwaves, standoff detection of impurities and potentially hazardous agents, as well as lightning control and protection.
INTRODUCTION
Remote control of plasmas induced by laser radiation in the atmosphere is one of the challenging issues of free-space communication, long-distance energy transmission, remote sensing of the atmosphere, and standoff detection of trace gases and biothreat species. Sequences of laser pulses, as demonstrated by an extensive earlier work (see, e.g., Refs. 1-3), offer an advantageous tool providing access to the control of air-plasma dynamics and optical interactions. Recently, Henis et al. 4 have proposed to use a dual femtosecond=nanosecond laser pulse to enhance the energy density locally deposited in a laser-induced plasma in the atmosphere. Recent experiments by Zhou et al. 5 have demonstrated that the lifetime of plasma channels generated through filamentation of femtosecond laser pulses can be increased by applying a delayed nanosecond pulse. A similar scenario has been observed 6 in the regime of resonance enhanced multiphoton ionization (REMPI), involving an avalanche hybrid ionization of a gas by nanosecond laser pulses with intensities well below the breakdown threshold. Close enough to these problems is the evolution of the plasma channel created in the atmospheric air by a femtosecond pre-ionizing laser pulse with an external DC electric field studied in Refs. 7 and 8.
Several important applications of air-plasma tailoring with a double laser pulse are envisaged. First, this approach can improve the detection sensitivity of the radar-REMPI diagnostic technique add 9 strongly promoting its application for standoff detection. 10 Second, the double-pulse method can help to generate laser plasmas at reduced gas densities, e.g., at high altitudes in aerospace applications. Third, using an additional heating laser pulse may be instrumental in resolving the issues of laser ignition, 11, 12 with the first pulse providing pre-ionization in a gas chamber, thus substantially reducing the requirements for the main, combustion-igniting laser or microwave pulse. In a prototype experiment implemented recently at Princeton, 13 a femtosecond laser pulse was employed to pre-ionize a gas, with additional gas heating provided by a subsequent microsecond microwave pulse, whose intensity was well below the breakdown threshold. Fourth, ionization of the atmosphere using double laser pulses suggests interesting options for the manipulation and long-distance transmission of microwaves. [14] [15] [16] Arrays of laser-induced filaments have been shown to form waveguides for microwaves 15, 16 enabling, in particular, a guidedwave delivery of radar radiation for long-distance communication and stand-off detection of biothreat species in the atmosphere. In a recent experiment, Châteauneuf et al. 17 have employed a 100-TW femtosecond laser source to generate a cylindrical array of more than 1000 filaments, forming a waveguide for 10-GHz radiation. Organic impurities and pollutions, e.g., those found in abundance in the summertime smog of big cities, have been shown 18 to facilitate the creation of plasma guides for microwave radiation. Common to all these methods is the problem of fast plasma decay in the wake of the femtosecond laser pulse, which leads to dramatic limitations on the lifetime of plasma-based waveguides.
In this work, we present a model that allows a detailed quantitative analysis of plasma dynamics induced by additional laser pulses used to tailor the properties of plasmas decaying in the wake of a laser filament in the atmosphere. We show that, with an appropriate optimization of parameters of plasma-tailoring laser pulses, an uncontrolled gas breakdown due to avalanche ionization can be avoided. The model of atmospheric plasma decay used in the analysis presented below in this paper modifies the model developed in our earlier work 16 toward a more realistic description of excitation, relaxation, and recombination processes in the multicomponent plasma of atmospheric air. This model is applied below to identify the ways the air plasma induced in the atmosphere in the wake of a laser-induced filament can be controlled by an additional laser pulse.
IONIZATION IN A FILAMENT INDUCED BY A FEMTOSECOND LASER PULSE
We consider a filament induced by Ti: sapphire femtosecond laser pulses with a central wavelength k 1 ¼ 800 nm. For a rectangular laser pulse of duration s 1 , the electron density is estimated as
where n e is the electron density, n O [21] [22] [23] we take the following initial conditions for the plasma parameters at the instant of time t ¼ 0:
with r b ¼ 50 lm. These results for the electron and ion densities are used as initial conditions in simulations of the decaying air plasma.
FILAMENT PLASMA DECAYING AND A SECOND LASER PULSE
With an assumption of a cylindrical geometry of plasma decay, the continuity equations for all plasma species are written as
where n s are the densities of N 
for electrons (C e ) and O
for the ith sort of positive ions, and ln K is the electronion Coulomb collision frequency, 24, 25 N is the air density in m
À3
, and ln K is the Coulomb logarithm. The mobilities for positive and negative ions are given by equal
), where p is the air pressure in Torr and the temperature T is in K; u is the gas velocity.
The radial field component E ¼ À@/=@r is calculated by solving the Poisson equation for the potential /,
with boundary conditions @/=@rj r¼0 ¼ 0 and / 1 ð Þ ¼ 0. Summations in Eq. (7) are done over all types of positive and negative ions.
The intensity of the subsequent infrared laser pulse is assumed to be too low to induce any noticeable ionization effects in the surrounding air. However, at elevated intensities, cascade ionization in the pre-ionized filament by electrons oscillating in the laser field becomes significant. While a rigorous calculation of v i involves the solution of the relevant quantum kinetic equation, in this work, we choose an empirical relation taken from
Note that because of the assumption of a Maxwellian electron distribution function, an application of these formulas to a nonionized or weakly ionized air leads to an overestimation of the ionization rates at electron temperatures T e $ 1 eV. However, in the case of air plasma with a relatively high electron density induced by a femtosecond laser pulse, we can assume that the electron density distribution is Maxwellian due to the high rate of electron-electron Coulomb collisions. Electron photodetachment processes, with a rate
contribute to the electron generation and the loss of negative ions, with I L ðr; tÞ being the intensity of the plasma-tailoring laser field, x L being the frequency of this radiation, and r ph being the cross section of electron photodetachment from O À 2 ions in the atmosphere through the 27 We have neglected the photodetachment from O À atomic ions, because the threshold for this process (%1:4 eV (Ref. 27)) exceeds the photon energy hx L for subsequent heating by infrared laser radiation considered in the present work.
Parameters of the gas flow are defined by solving axially symmetric NavierÀStokes equations,
Here, p and e are the gas pressure and energy, q is the gas density, and k h and g are the heat conductivity and viscosity of the gas, and
where Q VT is the rate of heating due to vibrationaltranslational (VT) relaxation per unit volume,
is the rate of direct gas heating due to elastic electronÀmole-cule and Coulomb collisions, k is the Boltzmann constant (T e and T are in Kelvin). For a weakly ionized air plasma,
where M N 2 is the mass of nitrogen molecules and M O 2 is the mass of oxygen molecules; Q R % P i e r;i b r;i n e n i;þ is the rate of dissociative recombination heating, with the coefficients e r,i taking values from the interval 0.04 eV e r 3.4 eV, depending on the sort of molecular ions involved in dissociative recombination 28 (here, we set e r;i ¼ 1 eV for all the reactions of dissociative recombination), and b r;i are the dissociative recombination coefficients (see Table I ).
The gas density q, pressure p, and energy e, appearing in the NavierÀStokes equations, are assumed to follow an ideal-gas equation,
with e ¼ c v T and c ¼ c p =c v ¼ 1:4. Energy transfer to molecular vibrations is included in the model through the equation for the vibrational energy E v ,
where
is the energy transfer rate of excitation of molecular vibrations due to collisions of molecules with electrons, T v is the vibrational temperature, and v ev is the electronÀvibration excitation rate. When the energy E v is not too far from its equilibrium value E 0 v , we have
and
where N is the molecular density and e 0 v and e v are the thermal-equilibrium and nonequilibrium vibrational energies per molecule, respectively,
s VT is the VT-relaxation time, 13 ,16 a 0 is the molar fraction of atomic oxygen, hx 0 is the vibration quantum ( hx 0 ¼ 0:29 eV for N 2 molecules), and N and T are expressed in m À3 in K, respectively.
Electron heat conduction is governed by the equation
where 
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Tailoring the air plasma Phys. Plasmas 18, 063509 (2011) where the electron temperatures are expressed in eV, N 0 is the gas density at a pressure of 1 atm and a temperature of 300 K, and I* is the effective excitation energy, which is taken equal to 10 eV. 29 The other processes included in the model along with their rate constants are listed in Table I . Our model neglects two-body dissociative attachment processes, such as
, since the electron energies acquired within the considered range of laser intensities are well below the activation energy of such processes.
RESULTS AND DISCUSSION
The above-described model is applied to simulate plasma dynamics in an individual filament created by a femtosecond laser pulse with the above-specified parameters. We assume that the plasma produced in the wake of a laser filament is irradiated by an additional laser pulse, which is turned on at the instant of time t ¼ 0 with its intensity I L remaining constant over a time interval of hundreds of nanoseconds. This additional laser beam is assumed to be loosely focused in such a way as to provide constant field intensity over the filament area. We examine plasma dynamics in the presence of radiation delivered by one of the two widely used laser sources-a neodymium laser (k L ¼ 2pc= x L ¼ 1.06 lm) and a CO 2 laser (k L ¼ 10.6 lm). The laser intensity provided by both lasers is assumed to be too low to induce any noticeable multiphoton or tunneling ionization of the medium. In this regime, an additional laser pulse decelerates plasma decay primarily through the suppression of three-body electron attachment and dissociative recombination processes. In addition to these two mechanisms, the photons of 1.06-lm radiation are energetic enough ( hx L % 1:17 eV) to slow down the plasma decay through the photodetachment of electrons from neutral species (the activation energy is about 0.5 eV). In the case of a CO 2 laser, no electron photodetachment can be induced because of the low energy of laser photons ( hx L % 0:12 eV).
Application of a low-intensity infrared laser pulse can radically modify the plasma dynamics in the wake of a laserinduced filament (Figs. 2-5 ). With the intensity of Nd-laser radiation taken two orders of magnitude higher than the intensity of CO 2 -laser pulses, to compensate for the / x À2 L scaling of plasma-heating efficiency (see Eq. (23)), Nd-and CO 2 -laser pulses give rise to similar tendencies in plasma 2011) dynamics. These laser pulses heat plasma electrons, sustaining a large gap between the electron and vibrational temperatures on the time scale of hundreds of nanoseconds, with higher intensities I L translating into wider temperature gaps dT at a given instant of time (see Fig. 1 ). An increase in the electron temperature suppresses electron attachment to oxygen molecules and decelerates dissociative recombination, with the relevant rate constants scaling as b / T Àn e , where 0:5 n < 1:5 for recombination rates for different molecular ions (see Table I ). As a result, the electron density is high over an extended time interval at t ¼ 100 ns and n e % 8.5 Â 10 19 m À3 for CO 2 -laser pulses with I L ¼ 10 7 W=cm 2 ( Fig. 3, left) and n e % 2.3 Â 10 20 m À3 for Nd-laser pulses with I L ¼ 10 9 W=cm 2 (Fig. 4, left) . The corresponding plasma frequencies x p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi e 2 n e =e 0 m p are 5:2 Â 10 11 and 8:5 Â 10 11 1=s. It means, in accordance with Refs. 15 and 16] , that an array of such filaments can be maintained to guide microwave radiation at f ¼ 30 GHz (angular frequency x ¼ 2pf % 1:9 Â 10 11 rad=s) at t > 100 ns. At elevated intensities of the second ns laser pulse (still below breakdown of surrounding air), intense ionization and Joule heating in the initial filament can increase the conditions up to those typical for a high conductive arc discharge.
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The initial phase of this process is shown in Figs. 1 and 2 for the case of IR CO 2 -laser radiation at k L ¼10.6 lm and I L ¼ 5 Â 10 9 W=cm 2 (the model considered in this paper is not applicable to the description of transition to the arc-kind plasma regime, because it deals only with electron impact ionization, but not thermal ionization, which becomes dominant at a high gas temperatures). As a result, a highly conductive long channel is generated, which may be used in lightning-protection systems. It was shown that the rate of arc-like channel decay may be controlled with additional residual heating by a series of defocused ns-laser pulses with repetition rate $1-10 kHz. The physics of sustaining conductivity in a channel is similar to what is studied theoretically in Refs. 30 and 31 and experimentally (for a smallscale laboratory pulsed arc). 32 
PLASMA-FILAMENT2HEATING-PULSE INTERACTION LENGTH
The radial distribution of the electron density n e (r) in the filament plasma across the laser beam translates into a transverse profile of refractive index, giving rise to a negative lens. This lens defocuses the heating laser pulse, limiting the effective length of interaction of this pulse with the 
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Tailoring the air plasma Phys. Plasmas 18, 063509 (2011) plasma produced by a filament, thus preventing a uniform heating of the plasma by the nanosecond laser pulse. To identify the regimes where this effect can be minimized, we calculate the refractive index (n) and absorption coefficient (v) of the plasma medium as
are the dielectric function and conductivity of the plasma. In Fig. 6(a) , the early phase of breakdown development for the case of infrared CO 2 -laser (k ¼ 10:6 lm) with intensity 6.5 Â 10 9 W=cm 2 is shown. The corresponding evolution of the index of refraction and absorption coefficient on the filament axis are shown in Fig. 6(b) .
The heating-pulseÀpostfilament-plasma interaction efficiency is almost insensitive to the focusing of the heating laser beam, but is primarily controlled by the efficiency of coupling of this beam into the postfilament plasma. Large gradients of the electron density in the postfilament plasma would strongly defocus the heating laser beam and should therefore be avoided. To illustrate this argument, we plot in Figs. 7(a)-7(c) the radial profiles of the electron density and the corresponding index of refraction and absorption coefficient. The radial profiles of the refractive index n(r) found from these simulations are used to analyze the ray trajectories of the heating pulse by using the eikonal-approximation
where the z-axis is chosen along the plasma column and b ¼ n r ð Þdz=ds is the ray invariant, s being the path measured along the beam trajectory. 33 For a plasma column with a radius of 50 lm and a refractive index change Dn % 5 Â 10 À2 (Fig. 7(b) ), the resulting negative lens will give rise to an additional divergence of a laser beam h pl $ 1 within a plasma length of only $1 mm. In this regime, strong defocusing of the heating laser beam by the transverse profile of the electron density will prevent the efficient coupling of the laser beam into the plasma column in the wake of the filament, rendering a uniform heating of this column impossible. For weaker electron-density gradients, e.g., those corresponding to an onaxis electron density of $10 16 cm
À3
, the plasma-induced change in the refractive index in the postfilament plasma is Dn % 5 Â 10 À5 . A beam divergence h pl ¼ 1 is then achieved within a plasma length of 1 m, enabling a uniform heating of extended regions of ionized gas in the wake of a filament and sustain guiding of microwave radiation. 
CONCLUSION
We have presented a detailed model of plasma dynamics in the wake of a filament induced in the atmosphere by an ultrashort laser pulse. Analysis performed with the use of this model helps quantify the limitations on the lifetime of microwave plasma waveguides induced in the atmosphere through the filamentation of high-intensity ultrashort laser pulses. We have demonstrated that, near-and mid-infrared laser pulses can tailor the plasma decay in the wake of a filament, efficiently suppressing, through electron temperature increase, the attachment of electrons to neutral species and dissociative recombination, thus substantially increasing the plasma-guide lifetime and facilitating long-distance transmission of microwaves. Postfilament plasma lifetimes of tens to hundreds of nanoseconds demonstrated in this paper suggest that the laser pulses with pulse widths ranging from hundreds of nanoseconds to several microseconds would provide an ideal tool to sustain the plasmas and tailor plasma parameters in the wake of a laser-induced filament. Microsecond pulses of 10.6-lm radiation within the above-specified range of field intensities can be delivered by CO 2 lasers, while appropriate laser pulses with a wavelength around 1.06 lm can be generated by neodymium-doped lasers. The available neodymium-based and CO 2 lasers enable the generation of 1.06-and 10.6-lm pulses with the required intensities and pulse widths at kilohertz repetition rates. Laser pulses with higher intensities can give rise to efficient ionization and heating of the postfilament plasma, eventually inducing a highly conductive arc discharge. Highly conductive long plasma channels generated as a result of this process would offer promising solutions for lightning protection. However, the plasma-filamentÀheating-pulse longitudinally uniform interaction length is limited due to the self-defocusing of the heating beam. This effect becomes important when subsequent heating laser pulse is focused to values close to breakdown and it depends on the laser wavelength.
